The unsteady flow characteristics around two partially buried objects, a short cylinder and a truncated cone, were examined with a three-dimensional, non-hydrostatic hydrodynamic model under similar steady unidirectional currents with flow Reynolds numbers, R e , of 86,061 and 76,209, respectively. Model simulations were conducted with the two objects partially buried in a simulated rippled river bed. A Reynolds-averaged Navier-Stokes (RANS) equation model coupled with a κ-ϵ turbulence closure was used to validate the experimental velocity measurements. A large eddy simulation (LES) turbulence model was subsequently used to characterize the unsteady flow structure around the objects. The LES closure allowed for the characterization of highly unsteady coherent turbulent structures such as the horse-shoe vortex, the arch-shaped vortex, as well as vortex shedding in the wake of the object.
INTRODUCTION
The use of numerical simulations to investigate the scour mechanisms around two-dimensional (2D) and three-dimensional (3D) objects on river-like beds has increased substantially over the last decade (Liu & García ; Liu et al. ) . Early efforts studied the hydrodynamics of the flow around objects mounted on a flat immobile bed.
Lately, the efforts have been extended to the study of the flow structure over scoured regions around a variety of objects. Over time, the numerical models have become more sophisticated to deal with more complex flow scenarios (e.g., fluid-sediment-object interaction), while the availability of experimental data increases. Numerical simulations of local scour and lee-wake scouring of offshore pipelines and other objects have been extensively analyzed using Reynolds-averaged Navier-Stokes (RANS) equations with both κ-ε and κ-ω turbulence closure models. Salaheldin terms related to mass sources or sinks, can be written as:
where, ρV i f i ¼ ∇τ b:i À @(A j τ ij )=@x j and for an incompressible fluid, the mass continuity equation without terms accounting for sources or sinks, and a turbulent diffusion term, is given by:
In Equations (1) and (2), u i is the velocity, P is the pressure, ρ is the water density, A i is the fractional area open to flow in the i-direction (index is not used to imply summation), V f is the fractional volume open to flow, G i represents the body accelerations, such as gravity, f i represents the viscous accelerations, τ ij is the shear stress tensor, and τ b,i is the wall shear stress that is represented by:
where, ρ(ν þ ν T ) is the total dynamic viscosity, assuming that it is given by the summation of the molecular and turbulent viscosities, ν and ν T , respectively.
Since the present study explores two turbulent closure schemes, κ-ε and LES, a short summary of the eddy viscosity closures used in both schemes is presented.
The widely used two transport equation model, κ-ϵ, considers transport equations for the turbulent kinetic energy 
The closure equations for κ and ε with standard coefficients are given in Wilcox () . The boundary conditions for the κ and ε equations are defined with a logarithmic law of the wall formulation given by:
where, C μ ¼ 0.09 and y 0 is the distance from the solid wall to the location of tangential velocity, u. Notice here that the dynamic viscosity approximation in Equation (3) is good for flows with high levels of turbulence, i.e., when the turbulent viscosity is much larger than the molecular viscosity (Harlow & Nakayama ).
After dropping tensor notation, the shear velocity, u * , is solved iteratively at no-slip boundaries with the combined smooth and rough logarithmic law of the wall equation
given by:
where, κ v ¼ 0.41 is the Von Kármán constant, a ¼ 0.247 is a constant, and κ s is the equivalent wall roughness height.
Since the FAVOR method does not precisely locate walls within a cell, approximations must be introduced to find u * , u, and y 0 (Flow Science Inc. ). For this, the normal direction of the wall in the cell is determined, and then u is computed as the component of the cell-centered velocity parallel to the wall. The average distance to the wall, y 0 , is defined as half of the cell width in the wall normal direction.
Finally, u * is determined iteratively from Equation (6) in terms of u and y 0 .
Notice that the denominator of the logarithmic term in Equation (6) represents an effective viscosity that characterizes the effect of the rough boundary. The wall shear stress is defined as:
which is included directly into the momentum Equation (1) via Equation (3).
The second turbulence closure scheme used in this study is LES. This approach uses Kolmogorov's theory of self-similarity, which considers that the large eddies in the flow are dependent on the flow domain geometry while the smaller scales are more universal. The closure scheme considered in this study uses the Smagorinsky approximation (Wilcox ) with an eddy viscosity formulation given by:
where, the Smagorinsky constant, C s , usually falls within the interval 0.1 to 0.2. In the present case, C s ¼ 0.2, and e ij is the strain rate tensor given by:
and the characteristic length scale is defined as:
where, δx, δy, and δz are the cell sizes in the three Cartesian directions. The wall shear stress, τ b , is defined differently than in the κ-ε model as:
along each coordinated axis. As previously, the computed wall shear stress is directly included in the solution of the momentum Equation (1) through Equation (3). The wall shear approximation is only applied in cells where an obstacle blockage is present, i.e., where V f ≠1. In cells without an obstacle, the wall shear stress is zero.
Experimental setup
The experiments were conducted on a 49 m long, 1. 
Numerical setup
The numerical setup consists of the recorded bathymetry of the tandem sand bed plus object at equilibrium conditions embedded in a rectangular structured mesh, as shown in FLOW-3D uses a variable time step to preserve numerical stability at all times via the Courant number criterion.
Simulations were run on a seven-node quad-core, dual-CPU Intel Xeon E5345 cluster. Each simulation was run on a node with 32 GB RAM. The total CPU time was about 600 hours of wall-clock time for the LES simulations for each object. The computational time for the κ-ε simulations was considerably shorter.
The dynamics of the flow around the object
The computational fluid dynamics (CFD) simulations provide a more comprehensive picture of the flow structure around the object than that allowed by the measurements.
The ADV measurements were conducted at a single point at a time that does not allow instantaneous plane view analysis of flow structures. On the other hand, CFD allows observation of time snapshots of the flow structure at any given plane (i.e., xy, xz, yz) and also its 3D time evolution, as will be shown later on (Figures 2-6 ). As revealed by the experiments, the simulations show that the flow field is greatly disturbed in proximity to the object and extends for several object diameters downstream (DS). This is a consequence of the complex interaction between the approaching flow, already disturbed by the small-scale ripples, and the deformed flow around the object. Bedforms in the vicinity of the object make it even more difficult to predict the flow field when compared to flat bed conditions.
In general, scour initiates in the accelerated flow regions on the upstream (US) and lateral sides of the object and in the wake of the object. Shortly after, the bed scouring induced by the HV US system and at the lateral sides of the object becomes dominant. As in the case of scour around vertical 
RESULTS AND DISCUSSION
Mean velocity flow field validation results
Figure 2 shows a comparison between modeled (left panels)
and measured (right panels) dimensionless streamwise as z-vorticity, y-vorticity, and x-vorticity, respectively, following the right-hand positive convention rule.
The simulations allowed identification of two main flow vortex structures, the upstream HV and the downstream AV systems (Figures 3 and 4) . Upstream of the object, a HV forms as a result of the blockage due to the obstacle. ively. In the present study, simulations of the two objects upon a flat immobile bed were also conducted. These simulations revealed that in both cases the length of the separation zone US of the object is about two to three object diameters, which is larger than the simulations for buried conditions. In the case of the recirculation length, Comparison of the flow structures around the SC and TC in the mounted and partially buried cases allow several conclusions to be drawn. First, at the beginning of the experiment, where the object is mounted upon a flat bed, flow intensities are much stronger near the bed level when compared to the case at the mature-equilibrium condition (EMC). This can be attributed to the fact that at the EMC, mean and turbulent intensities are in equilibrium with the entrainment and deposition sediment rates; i.e., at equilibrium the flow is no longer strong enough to make suspension or deposition dominant. During the initial stages of the run, the flow is disturbed in such a way that it is greatly accelerated around the object, and its sediment transport capacity is much higher than in the far field of the object.
Comparison between mounted and partially buried objects showed that the development of the central sand ridge DS of the object disrupts the recirculation zones.
This can be readily explained by the ridge preventing the complete development of the vortex structures. An upward directed shedding is observed due to the flow coming from the lower levels at the lateral sides of the object. In the case of a mounted object, the vortex structures have more space to form, while in the case of a partially buried object, the scour holes at US and lateral sides decelerate the flow, allowing vortex structures to form not only in the horizontal xy-plane but also in the vertical xz-plane. This helps explain the lateral and longitudinal growth of the scour hole during the scour process.
